LA- -4L1-1n14
UR LA-UR--91-1614

DES1 013228

Los Alamos Naluoal Laborglory 18 operated by 1ne University of Califorma for the Unrted Siaes Depariment of Energy under contract W-7405-ENG-38

TITLE GENERATING STRONG SHOCK WAVES WITH A SUPERSONIC PERISTALTIC PUMP

AUTHOR(S) R. Menikoff, T-14
K. S. Lackner, T-3

SUBMITTED TO Proceedings, of the APS 1991 Topical Conference on Shock
Compressio! on Condensed Matter, Williamsburg, VA, ,#.m(e 17-20, 1991
LY [} lj

. DISCLAIMER

q

[]

This repurt w;, . prepured an an wccount of work spansored by an ugency ol the United States
Guovernment  Neither the United States (Covernment nor any agency thereol, nor any of their
empluyees, nalics any warranty, express or imphied, or sssumes eny legal hability or respoan-
bty for “he accuracy, completeness, or useful-. s of any information, apparatus, product, or
provess “iwchned, or represents that its use would aot infringe privately owned nghts Refer
enre hqren o any specilic commercial praduet, provess, or service hy tisde name, trademark,
muni acturer, or wtherwie doey not eecessanly comtitute or imply ity emborsemient, recm:
mer mtion, of favaning by the United States Ciovernment or any agency therenl The views
an  opinwns of authon expressed herein do not necessanly state or reflect thime of the
I.‘ Aited Statex Government or any apency thered

Ny ac splange ot iy Ao the publigher rec ngriges thal the U 8 Oovarnmant retaing a nonexclusive royaily-lree icense 1o publish of reproduc @
tha . Hiisha form ol thoa cantibubae or 1 sllow nthers 10 do 8o hyr 1) S Government purposes

The Loa Atamins Natinoar | aborstory requesty that the pubiishar cienuly this article as work pariarmar under the autpices of the U § Departmant of | rargy

LOS AlBMNOS LgsAzmos ationaiaboratory

!"\_,':' nhl ‘- ”-n


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


Generating Strong Shock Waves with a Supersonic Peristaltic Pump
R. Menikoff and K. S. Lackner”
Theoretical Division, Los Alamos National Laboratory, Los Alamos. NM 87545

An axially phased implosion of a eylindrical tube with a phase velocity exceeding the sound speed of the fill
material acts as a peristaltic pump which drives a shoch wave along the axis. The region belind the onset of the
phased implosion forms a converging-diverging nozzle, When appropriately designed the How approaches a steady
state in which the shock is plianar and propagates near the nozzle entrance. The steady-state flow and the ap-
proach toward it have been derived in a one-dimensionad model. The steady-state uozzle low is well charactrerized:
wniform across the annel, simple and predictable in the axial direction. The How in the converging section is
very stable and not affected by the How in the diverging section. These properties form the hasis of an alternative
shock rube design which is pot limited in pressure by wmaterial strength of the tube wall,  Experiments with a
sitiple design have corroborated the theoretical predictions. A super-shock tube, in which the phased implosion
is driven by high explosives, can reacn extremely Ligh pressures and energy densities. With a well characterized
drive system, measurements of the steady-state shape of the nozzle can be used to determine the equation of stare

along an isentrope hehind the axial shock.

1. Iutroduction

A supersonic peristaltic pump is a means of gener-
ating very strong, planar shock wives in deuse gases or
ligquids. This pump works by radially impioding a shock
tube in an axially phased manner. The phased implo-
sion cirses i constriction to travel along the length of
the tubes Sinee the phase velocity exceeds the souml
specad of the Huid within the tube, o shock wave forms
and propagates in front of the point of mnximum con-
strietion,

Vicvedl in the frame of referenee traveling at the
pliase veloeity, the Huid flow reduces to the fow through
acconverging-diverging nozzle, In contenst to the stan-
dard nazele theopy, for tie supersonic peristaltic putp
the shape of the nozzle is a dynamieal degree of freedom.
For o slender nozzles the fow is well apowoximaoted by
the LD eguations for duct How with the cross cectional
avea vary g in hoth spaee aned time, In 1] it wis shown
that the flow approaches o stable steady state, The
shape af the nuzele, the position of the shock relative to
the nasde entranee amd fHuid profile hehind the shock
van be aconeately eadenlated from an ondinary differen
Hal cquation tODED

i supeersonie peristaltic puinp extends the vanpe
of Dok tabes 1o shock waves of higher densities annl

pressures exceeding the materad strength of the rube
wall, The radial implosion not ouly provides the energy
to drive the shock but also contines the low in the con-
verging seetion of the nozzle. The flow is not sensitive
to details of the driving conditions. The relative posi-
tion of the shock is determined mainly by the energy
balance hetween the work done ou the shock tube by
the radial jimplosion and the enevpy required to drive
the shock., Furthermore, the converging section of the
nozzle decouples tron the How behind the nozz2le throat
ana downstream Huetuations do pot afect the converg-
ing section of the nozzle. With its well characterized
fiow and inhiecent stahility, the supersonie pecistaltic
pump is an exeellent generaror of strong planar shocks,
Recent work on developing an explosively driven shock
tube generator based on the principle of a phased im
plosion is reported slsewhere in these procesdings.” !

We hrietly outline the 1-1D) model for the low in the
supersotiic peristaltie pump in section 20 e steady
stite egquations nre deseribed in section 3. The vintion
of the steady state solution with the egnation of state
and initial working flvid density is analy zed o section
4N quasi steady adinbatic approximation desorilaug,
the approach to the steady state How is presented i
section . We vonchide in seetion G with a diseussion ol
the supesonic peristaltie pump.

hs wark was supported by e U SO Department ol Eaergy.



2. Theory

For a siender nozzle with a sound speed large com-
pared to the implosion velocity of the wall, the low
behind the shock has little radial dependence and is
therefore approximarely one-dnpensional. A« shown in
[1]. the flow can be modeled by the duct How equations

QipAr+Jd:(paAr) =0, (2.1)
MipAr) 4+ 0:pA* + PA) = PO A. (2.2)
.'7,|p.-l¢') + f'.):ip.'h".l' + ph) = —PO'.'I . (2.3)

The cross sectional area. A, of the shock tube couples
the equations for the fluid How inside the tube to the
equations describing the dynamics of the shock tube
wall,

In our mode] the constriction of a eylindrical tube
is caused by a traveling pressure pulse on the outside of
the shock tube wall

P.=.t)= f"..(:—r..-,”. (2.4)
where a8 the phase velocity. We assume that the
shock tahe wall i thin o oL approximate it by a mass
laver.

The motion of the shock tabe wall follows Newton's
law:

a B = RGO = RG] (25

Here o is the mass per unit length of the wall,

3. Steady-State Solution

I the frame of reference moving with the phase ve-
locity, the stemdy -state solntion consists of a stationary
anial shock near the nozzle entranee followed by o tran-
sontie nozzle How,  Fhe steady-state nozzle low deter-
mines he faid pressure as a funetion of the radins rtio,
' - o R with By the radins at tne shoek front.
\bhone o eritieal radins ratio, P’ has 1wo beatiches, «
supersonic and a subsonie braneh.  The eritical poim
in the sonie peat below which there are no stationary
salitions.!

Wae emphiasize that 'y el che critieal rnlis ratio,
IR, e indepen et of the shape of the nogzle and
vnby depend on the squetion of state of the fuid inside
the hack tabes Copseguenty. the ~hape of the nogele
1 deterunned by sinpgle ordinar ditterentinl equation

T " Ry il nEI': | L I (Lh

wlhere

Po. for ;. < =
PY™MR(:/R). for o <2<z (32
P;?"“"(R(:)/l?,.). for : < :..

The houndary conditions require that R is the initial
A |

Pi:)=

tube radius and dR/d= vanishes at the nozzle entrance,
Furthermore, at the minimutn radins which is reached
at 2 = :.. the flow must be sonic. M:z.) = R.. A~ in
an eigenvnlne problem. the position of the shock from
provides the additional degree of freedom necessary o
satisfy these three boundary conditjons simultaneonsly.

4. Dependence of the Steady State on
Working Fluid Parameters

For applications it is desirable to have the axial
shock propagate at the nozzle entrance. This can be
achieved by an appropriate choice of the working tinid
density, We have used the steady state Eqs. (3,10 anil
{(3.2) for a parnmetric study of the variation of the shock
position with density and the variation of the aptimal
density with the stiffness of the equation of the state,

For the wiodel it is assumed that the applied pressure
ouly depends on the distanee from the nozzle vutranee,
In realistic applications, where the traveling pressare
pulse is generated by a detonation wave sweeping along,
the shock tube, the pressure is slightly affected by the
triyectory of the tube wall,  Hereo the tixed pressure
pulse which would be obtained on i rigid svall provides
oue limiting case. The other corresponlds to the enerpy
limit. where the driver supplies a fixed amonnt of enetey
to the shock tube, We have chosen the phase veloiry
v, = 04, the inital wall raddiue 2y = 0.5, the wadl iiass
a =1 aml the applied pressuee as chalf™ o Gaossian,
Py =0for 2 0and Pz - I'yexpl ',l o)
for z « 0 with zp = L3 and Iy = 0330 Wath units tor
length time, mass ane pressuee of oo, s, g and b the
undel parameters approximate the explosively doven
phasesd implosion experiment desoibasd in [} For sun
plicity, we use an ideal gas eguation of state bn the
working, thiid,

Tn flyure 1. the nozede shape. the applied pressinee
ated Huid pressare, and the azial velociny gin the o
moving fiame) and somid speed e dhiowan for a [

pos with initind density po = 005 in the optimal case when
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Flg. 1: Steady-Shock Solution. 3 = 35/3

the axial shock is at the nozzle entrance, This illustrates
two important points, First, a small constriction is suf-
ticient 1o propagate the axial shock; AR/R = 174 for
< = 5/ Second, the flnid pressure inside the nozzle
can track the applied pressure very closely, The devi-
ation berween the applicd and Huid pressures increases
with inereasing wvall mass,

The relative shock position as a function of density
for = =1/ is shown in figure 2. With a higher density,
the axiil shock falls “ack becanse more energy is nesded
to drive the low. In ligure 3 we varied the density in
ovder for the shock 1o be at the nozele entranee for dif-
ferent values of <0 A stiffer equation of state (larger
23 regnires less onergy to drive the low. With o ixed
pressure pulse the external energy transferred to the
warking fhuid varies with the Huid parnmeters beeanse
the shape of the nozzle ad henee [ PdV changes,

n. Approach to Steady State

The 1 D model, Fgs, ¢ 1) (2235 and (2.5). deseribes
hath the steady state s the approach to stendy state
after the axinl shack has formed. The approach o
duly state i characterized by o time constamt, For
the 2D calenlations of the experiment in [1]. we have
plotted i tignee 1 ohe position of the shock front mola
tive to the onset af the pressaee patlse after eliniinating
ek Begquens s moise introdueed by the diseretization, 1t
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Fig. 2: Relarive shock position as function of initianl
demsity for 7 = 5/3 working dnid.

can be seen that the distance from the equilibrivm posi-
tion decays approximately exponentially. The time con-
stant decreases as the equilibrium is approached from
r = 3.5 for the range shown in the figure to 7 = 1.2;s
at equilibrinm.

This behavior can be explained by a model in which
the flow proceeds through & series of quasi-steady states,
The quasi-steady states are solutions to the (ODE,
Eqs. (3.1) (3.2) for which the shock velocity and the
phase velocity are different, The solution of the “cigen-
" problem relates the shock velocity to the shock
position. As a result of the stability of the axial shock.
the shock veloeity exceeds the phise velocity when the
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shock is behind its equilibrint position and falls bhelow
the phase velocity for a shock abieid of its equilibrinm
position,

In the adinbatic approximation the rate of change of
the shock position eelative to the ouset of the pressure
pulse is give  hy

"'” =) -t (3.1)
Near the equilibrium position, g, the right hand side of
e (0.1) can be expapded in o Tavlor series ang gives
to first ovder (= g)dea/d:(:0). Pherefore, the time
constant is r = —=dre,/d:(za). For the experiment in [1].
the 2 D calealation and the quasi-steady approximation
vield the same time corstant within the acentaey of the
calenlrtions,

6. Discussion

The 1 D model makes it possible 1o casily surves
the parmneter space fre the Hove o supersonic peri
staltic pump, For simplicity we Jove used an wleal
lnw gy for the working Huid, Hovever, our method s
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Fig. 3: Density as function of = for shock to propa-
gare at the pozele entranee. Heavy line corresponds
tu o fixed pressure pulve. Light lines correspond to
pressure pulses limited to constant energy.

not vestricted 1o an ideal gas, Indeed. in [1] a realis-
tic equation of state win used for a comparison with
experimental data.

Currently, an explosively driven fast shock tube
based on the principle of a supersonic peristaltic pump
is being developed 23 The inherent stability of the fow
in the couverging section of the nozzle results in a reli-
alile and reproducible generator of strong planar shocks,
In partic dar. the boundary layer between the working
finidd aned the shiock tube i swept out the nozzle hefore it
can grow to a ~ignifieant fraction of the cross-sectional
areivof the tnhe, Henee, the Haid hehind the axial shoek
is well suited for applications such as the aceeleration of
a projectile 1o high velocity for equation of state mea-
surements or other fuid experiments.

With a well characterized drive systent the equation
ol state of the working fiuid along an isentrope through
the shocked state enp be determined by mensuring the
noszbe shiape, for eXample, with a flash Xeray, In partic-
ubar, the average adinbatie exponent is detertnined from
the crirtival radins eatio, v is poteworthy that such a
shock generatar operates in the pressure range of inter-
est for the detonation prodaets of a high explosive.

Finally. there is a striking similarity hetween the
steaely state <olitiot of the mode] equations for the su
personwe perstaltic pump and the Zeldovich von New
wann Docring, model equanons for o one dimensional
Chiapran Jongnet detonation wave,” The How in the
convereing hozele nd the renction zone of a detona

tou wave hoth exhibit a <hock followed by o spoath
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Fig. 4: Relative shock position as function of 1ue
for nnmerienl simulation of experiment in [1]. The
heavy line represents an exponeatial fit to the caleu-
lation.

region of decreasing pressure ending in a state which
is sonic relative to the shock front. The propagaring,
wave in both cases decouples from the How behind the
sonic point. The energy supplied by the applied pres-
sure corresponds to the energy released by the chemical
reaction,

The theory of the supersonic peristaltic paup and
its experimental verification have laid the foundation
for a super-shock tube, This extends the experimen-
tally accessible range for the study of high presaape and
high temipernture hydeodynamiceal phenomena, \We he.
lieve the applications for this new tool will be as varied
as those for gas driven shock tubes,
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